Metal or alloy powder capable of exothermic reaction with cast iron melt was blended into expandable polystyrene patterns. The behavior of thermal decomposition of the expandable patterns in evaporative pattern casting of cast iron was investigated. In evaporative pattern casting in which patterns including blended powder of metallic Si, Fe-Si alloy, Fe-Si-Mg alloy, or Fe-Si-Ca alloy were used, the temperature of the melt was higher than that in casting with original non-blended patterns. When the blending ratio was increased, the volume and pressure of decomposition gas during casting process were increased and, on the other hand, the filling rate of the melt was reduced. The use of patterns blended with powder caused no defect and abnormal structure in castings. These results imply that blending of metal or alloy powder into a pattern accelerates thermal decomposition of the pattern.
Introduction
In evaporative pattern casting process, since the melt fills up the inside of the pattern while thermally decomposing the expandable pattern, the temperature at the top of the melt flow remarkably drops by the endothermic reaction. The filling rate of the melt is restrained because the melt is pushed back toward the gate by thermal decomposition gas. In addition, the heat of the melt is absorbed also by the pattern coating and, as a result, temperature drop of the melt is further accelerated. The temperature drop causes incomplete thermal decomposition of the expandable pattern, the pattern is not gasified and liquefied resin is generated partially. The liquefied resin sometimes causes residual (carbon) defects of castings. To deal with these problems, the behavior of thermal decomposition of expandable polystyrene (hereinafter referred to as EPS) patterns in evaporative pattern casting of cast iron was investigated. Some kinds of metal and alloy powder were selected which are capable of exothermic reaction with cast iron melt and melt into the melt. EPS patterns were prepared, in which these kinds of metal or alloy powder were blended. In this study, metal or alloy powder was not added to the original EPS beads at the time of copolymerization but the pre-expansion polystyrene beads before pattern forming were coated with metal or alloy powder and patterns were manufactured using these coated beads. Cast iron melt was cast into these patterns, and the temperature drop at the top of the melt flow, filling rate of the melt inside the patterns, and the volume and pressure of decomposition gas were investigated.
Expandable Patterns Including Blended Metal and Alloy Powder
A mold of Al-Zn system alloy made by spray forming was used.
1) The mold ( 40 mm Â 1145 mm, 182 cm 3 ) was filled with the pre-expansion beads (expansion ratio of 40 times) of 3.645 g, set in an autoclave, heated and pressurized for 3.5 minutes under 55 kPa. The pre-expansion beads were expanded again, fusion between beads was accelerated and, thus, EPS expanded patterns (apparent density: 0.020 g/cm 3 ) were manufactured. As the kinds of metal and alloy powder, metallic Si (99.99 mass%), Fe-75 mass%Si alloy, Fe-45 mass%Si-4 mass%Mg alloy, and Fe-60 mass%-Si-30 mass%Ca alloy powder were used. These kinds of powder had an average particle diameter of about 17 mm. The blending ratios were 1.5 and 3.0 mass%. Precisely weighed metal or alloy powder of 0.0547 or 0.1093 g and preexpansion EPS beads of 3.645 g were put into an antistatic polyethylene sack (about 2 Â 10 3 cm 3 ). The sack was filled with air, sealed and shaken by dry shaking process to attach the powder on the surface of the pre-expansion beads. Since the pre-expansion beads are charged with static electricity, the powder can be attached satisfactorily without adhesive agent. The beads blended with the powder were expanded in the same way as the above-mentioned non-blended pattern. In this way, expandable patterns including blended metal or alloy powder (hereinafter referred to as powder-blended patterns) were prepared.
Experimental Procedure
3.1 Confirmation test for exothermic reaction of metal or alloy powder with cast iron melt For each of the above-mentioned four kinds of metal and alloy powder, two end sealed silica tubes ( 4 mm Â 300 mm) were prepared. Powder sample of 3.00 g was taken out from each kind of metal and alloy powder and colloidal silica of 5.0 mass% was added as bond to each sample. The powder sample was applied to the outer surface of one of the two tubes over a length of 30 mm from the sealed end to make a candy-like silica tube, which was dried then for 24 hours. Another tube was used without any treatment. High purity pig iron, Fe-75 mass% Si alloy, Fe-75 mass% Mn alloy, and electrolytic iron were blended and melted using a 30 kVA high-frequency induction furnace and a #8 graphite crucible so that the chemical composition of the cast iron melt would be C: 3.6 mass%, Si: 2.1 mass%, and Mn: 0.3 mass% and the total weight would be 5 kg. K (JIS standard) thermocouples were inserted into the two silica tubes respectively. The tubes were immersed in the cast iron melt at a temperature of 1500 K with a distance of 40 mm between them and the temperature transition of both thermocouples were checked.
Casting design and pouring test
Bottom pouring method was used to assure that cast iron melt flows and fills the mold calmly. Figure 1 shows the casting design. A gate of 13 mm is laid at the bottom of the pattern. CO 2 mold was used for the runner. Two powderblended patterns with the size of 40 mm Â 145 mm were piled up together and connected by winding the periphery with a masking tape to build a single pattern with a total length of 250 mm. A tungsten wire ( 0.5 mm) was inserted as a touch sensor (position a) 5 mm distant from the pattern bottom. Tungsten wires as touch sensors were inserted at additional five positions up to f at intervals of 46 mm from the position a. Touch sensors from a to f are connected with 1.5 V battery cells respectively. Diodes were built in the touch sensor circuit to avoid adverse electric current. To measure thermal decomposition gas pressure, a stainless pipe of 1.3 mm was inserted up to the center of the pattern at the position c 102 mm distant from the pattern bottom. The stainless pipe was connected to a pressure gauge through a Teflon hard tube and gas pressure was recorded with a recorder. Then the surface of the pattern was coated with commercial coating material (SiO 2 type) in thickness of about 0.6 mm and subjected to natural seasoning for 48 hours. As shown in Fig. 1 , the pattern was set vertically in the flask. The flask was filled calmly with #6 silica sand and subjected to triaxial vibration (amplitude: 0.3 mm, frequency: 40 Hz, vibration time: 1 min) to increase the density of back sand. Using a 30 kVA high-frequency induction furnace and a #8 graphite crucible, cast iron of 6 kg was melted and cast at a temperature of 1623 K. The nominal composition of cast iron was C: 3.6 mass%, Si: 2.1 mass%, and Mn: 0.3 mass%. Figure 2 shows an example of the change of gas pressure with time and flow distance curve of melt. The stepwise waveform shows flow distance curve. The waveform which rises near 3 seconds in the figure shows gas pressure. This shows that the pattern decomposed to the position of c in about 3 seconds. Therefore, a time difference until melt reaches the position of c from decomposition of the pattern is correspondent to the thickness of gas reservoir. Table 1 shows some examples of chemical compositions of actual casting specimens. Using a powder-blended pattern having a length of 250 mm, K thermocouples were inserted at positions of 10, 67.5, 125, 182.5, and 240 mm distant from the pattern bottom to measure the temperature of melt. The chemical composition of casting and the casting conditions were the same as those in the case where filling rate of melt and gas pressure were measured as mentioned above.
Measurement of thermal decomposition gas volume
Casting was made using powder-blended patterns ( 40 mm Â L145 mm). The casting design is shown in Fig. 3 . A hole of 3 mm was bored at the center of the pattern, a copper half pipe (U-shaped pipe) was inserted into the hole, and the half pipe was inserted into a silica tube of 4 mm at the top position of the pattern. The half pipe and the silica tube were joined with adhesion bond for mold to assure that decomposition gas does not leak. The silica tube was connected with a Liebig condenser so that decomposition gas can be led into a gas-sampling bag after cooling. The gas temperature in the bag was 298 K. Gas was then led from the gas-sampling bag into a syringe (2 Â 10 2 cm 3 ), where gas volume was measured precisely. Further, because the coating thickness of the pattern was approximately 3 mm and the pattern was used after natural seasoning for 48 hours, decomposition gas should hardly penetrate through the coating layer. The chemical composition of casting and the casting conditions were the same as those in foregoing section (3.2) .
Still, the reproducibility of the experimental result was obtained by controlling thickness of coating layer and casting temperature precisely. Figure 4 shows the relation between melt temperature and dipping time in dipping test where a silica tube coated with Fe-Si-Mg alloy powder was dipped in cast iron melt. The data shown in the figure with ''Melt'' is temperature of the silica tube without coating. The temperature of the silica tube coated with powder is increased. The temperature rising ÁT gets to as high as 29.5 K. Figure 5 shows the results of temperature rising obtained in dipping tests where silica tubes coated with metallic Si, Fe-Si, Fe-Si-Ca, and Fe-Si-Mg alloy powder were dipped in cast iron melt. It is found that the temperature is remarkably raised by the reaction of these kinds of powder with melt. When metallic Si is added to iron melt, exothermic dissolution of metallic Si takes place. 2) When Fe-Si, Fe-Si-Ca, or Fe-Si-Mg alloy is added to cast iron melt, exothermic reaction is caused and these alloys are melted explosively.
Experimental Results and Discussion

Confirmation of exothermic reaction of metal or alloy powder with cast iron melt
3) These kinds of metal and alloy powder dealt with here produce exothermic reaction with cast iron melt in any case. Therefore, it can be expected that blending 2398 T. Kobayashi and T. Maruyama these kinds of powder into expandable patterns will accelerate thermal decomposition of expandable patterns. Though thermodynamic data of exothermic reaction melting in cast iron melt were not known, the temperature rising in adding 300 K Si to 1873 K melted iron as a reference was calculated. In the calculation, the mass of melt and silicon powder was equal to the dipping test. It was assumed that the system was perfect thermal insulation. As a result of the calculation, the temperature rising is 1.6 K. Though the value is considerably smaller than the experimental result, it approximates to the experimental value, if it is assumed that the dilution zone between melt and silicon powder occurs locally around the silica tube. For example, the calculated value becomes about 80 K, when dilution zone is 20 mm around silica tube which corresponds to melt of 100 g. Therefore, it seems to occur locally the exothermic dissolution.
In case of Fe-Si alloy powder, ÁT is the smallest. It seems to be because the melting of this alloy powder needs the time further than other metal and alloy. Actually, except for Fe-Si alloy powder, though they were about 10 seconds in the time until it reached maximum temperature from the reaction initiation, about 60 seconds were needed for Fe-Si alloy powder.
Effects of blending ratio of metal or alloy powder on
filling rate of melt, decomposition gas pressure, and melt temperature Figure 6 shows the effects of blending ratio of metal or alloy powder on filling rate and decomposition gas pressure. Thermal decomposition gas pressure is increased with the increase in powder blending ratio. The case in which Fe-SiMg alloy is blended shows the highest increase. These results imply that blending of metal or alloy powder into expandable patterns accelerates thermal decomposition of patterns, increases generated gas volume, resulting in the increased decomposition gas pressure. It has been reported that when metal oxides are mixed with EPS or brought into contact with EPS and heated, thermal decomposition of EPS is accelerated by catalytic action. [4] [5] [6] [7] [8] Therefore, it can be thought that when metal or alloy powder is blended into EPS patterns, the powder reacts with cast iron melt exothermically and accelerates decomposition of patterns and, in addition, the powder accelerates decomposition of patterns all the more by catalytic action as in the case with metal oxides.
Filling rate of melt is decreased with the increase in blending ratio of powder as seen in Fig. 6 . Filling rate is decreased most remarkably when Fe-Si-Mg alloy powder is blended. It is known that filling rate of melt is decreased when thermal decomposition gas pressure is increases. 9) Therefore, the above-mentioned result implies that thermal decomposition of EPS patterns is accelerated, decomposition gas pressure is increased, and, thus, filling behavior of melt is prevented by decomposition gas pressure. From the result obtained, it was confirmed that blending of metal and alloy powder into EPS patterns accelerates thermal decomposition of EPS patterns. Figure 7 shows the relation between the distance from the expandable pattern bottom and temperature difference ÁT. Temperature difference ÁT means the difference between the reference temperature and the temperature at various distances from the pattern bottom when the reference temperature is defined as the melt temperature at the position of 10 mm distant from the pattern bottom. Here, the measured temperature in each position is maximum temperature after melt arrival. The temperature difference for the non-blended patterns (Original) is negative and its absolute value increases with the increase in the distance from the pattern bottom. In other words, as the pattern top is approached, melt temperature is decreased. This is supposedly because the melt loses heat in order to thermally decompose the pattern.
On the other hand, the temperature difference at the pattern top for the powder-blended patterns is positive and larger than that at the pattern bottom. Namely, in contrast with the original patterns, the temperature at the pattern top is higher. This implies that the melt reacts exothermically with the metal or alloy powder in the pattern.
If melt temperature is lowered by thermal decomposition of the pattern, the viscosity of the melt is increased. 10) As a result, misrunning of the melt and carbon defects are caused sometimes.
The temperature rising as exothermic dissolution was calculated as well as describing in the previous section. It is 0.2 K in case with blending ratio of 3.0 mass%. Though the exact evaluation is difficult, because the data on the exothermic dissolution about cast iron melt is unknown, it seems to occur locally the exothermic dissolution in the casting experiment. However, in the result of Fig. 7 , because there is temperature rising of about 70 K in the middle point of the melt filling, it is probably an overstatement that this temperature rising is explained only in the exothermic dissolution. Therefore, it is considered to have the catalysis in which metal and alloy powder decreases the endothermic value by the thermal decomposition of EPS pattern.
When cast iron melt was poured into patterns including FeSi-Ca alloy powder, a large amount of gas was generated and precise measurement of melt temperature was impossible. This is supposedly because Ca in this alloy powder reacts with water vapor during pattern forming to produce calcium hydroxide, which is thermally decomposed by the melt, resulting in the generation of a large amount of gas. In subsequent experiments, Fe-Si-Ca alloy powder was not used. Figure 8 shows the relation between blending ratio of powder and thermal decomposition gas volume. With the increase in the blending ratio, decomposition gas volume is increased in any metal or alloy powder. As shown in Fig. 7 , due to the reaction heat of melt with metal or alloy powder, melt temperature hardly drops as compared with the original pattern. This is supposed to be the reason for the increased decomposition gas volume. The fact shown in Fig. 6 that decomposition gas pressure increases with the increase in the blending ratio of powder also supports the tendency that decomposition gas volume increases with the increase in the blending ratio. It is known that when decomposition temperature of EPS patterns increases, lower hydrocarbon such as methane and acetylene increases. [11] [12] [13] Though the increased decomposition gas volume is supposedly caused by the reaction heat of melt with metal or alloy powder as mentioned above, it is also possible that it is caused by catalytic action of the powder.
Relation between blending ratio of powder and thermal decomposition gas volume
4.4 Appearance of surface, macrostructure and microstructure of the casting Figure 9 shows the appearance of side and top surface of the castings. Except the pattern in which Fe-Si-Mg alloy powder is blended, no surface defect on the side surface of 2400 T. Kobayashi and T. Maruyama the castings can be seen in any powder-blended patterns. In the case of the pattern in which Fe-Si-Mg alloy powder is blended, shrinkage cavities are observed because of high melt temperature. The shape of expandable beads is recognized clearly. While clear shape of expandable beads is observed on the top surface of the casting made using the original pattern, the shape of expandable beads has collapsed and shrinkage has occurred on the top surface of the castings made using powder-blended patterns. This seems to be a result of occurring from the difference between melt temperature at the tip. The shrinkage cavity does not arise, due to low temperature of melt at the tip, when it was cast in nonblended pattern, and that the casting solidifies from upper part, and that melt is supplied from the lower. On the other hand, melt temperature at the tip rises, when it is cast in powder-blended patterns, and the casting upper part solidification slows down compared with that of non-blended pattern. As the result, the melt supply stopped before the macro solidification shrinkage in upper part of the casting, and the shrinkage cavity seemed to arise. Figure 10 shows the relation between the macrostructures on vertical cross sections at the casting top and blending ratio of powder. defects could occur easily. In any powder-blended pattern, no gas defect or carbon defect can be observed. It is found that blending ratio of powder hardly acts on the occurrence of defects in castings. Figure 11 and Figure 12 show graphite structures and matrix structures on cross sections at the casting top and bottom, respectively. As for graphite structures, E-or D-type undercooled graphite is observed at the top of the casting made using the non-blended original pattern. Melt temperature at the casting top of the original pattern was low as shown in Fig. 7 , which is supposed to have caused undercooling and crystallization of E-or D-type graphite. Except Fe-Si-Mg alloy powder, all of the graphite structures of castings made using other powder-blended patterns were of A-type graphite. Namely, no inoculating effect by metal or alloy powder was noticed. As for the pattern in which Fe-SiMg alloy powder was blended, since the melt at the casting top was heated, undercooling took place. Therefore, D-type graphite is observed. The matrix structures in the case of powder-blended patterns consist of a small amount of ferrite and pearlite. No difference was observed between the matrix structures of casting top and bottom. In the case of the matrix structures of castings made using patterns in which Fe-Si-Mg and Fe-Si alloy powder are blended, a tendency is observed that the pearlite structure becomes dense to some degree and the amount of ferrite decreases.
By the way, when metal or alloy powder of 3.0 mass% is blended into the pattern and if it is assumed that the powder is included completely in the casting, the calculated concentration of powder in the casting is about 83 ppm. However, the actual concentration is thought to be less than this value, if that there is the powder which adheres to the coating layer is assumed.
Conclusion
Metal or alloy powder was blended into expandable patterns. The effect of the powder to accelerate thermal decomposition of the patterns and the casting behavior in evaporative pattern casting of cast iron were investigated. The results obtained are as follows.
When metal or alloy powder is blended into EPS patterns, the temperature of melt is raised higher than initial temperature and thermal decomposition of patterns is accelerated in evaporative pattern casting. It was confirmed that thermal decomposition gas volume and gas pressure are increased and, as a result, filling rate of melt is decreased. In addition, it was found that the use of powder-blended patterns causes no 
2402
T. Kobayashi and T. Maruyama casting defect and abnormal structure in castings.
